The work done to date shows pelleted catalysts to have much lower sulfate emissions over the low speed-EPA Federal Test Procedures than monolith catalysts. This is probably due to temporary storage of sulfates on the catalyst due to chemical interaction with the alumina pellets. The sulfate compounds are, to a large degree, emitted later under higher speed conditions which result in higher catalyst temperatures which decompose the alumina salt.
Measurement Methods for Automotive Sulfate Emissions
The sulfur in gasoline (about 0.03% by weight) oxidizes to SO2 in the combustion process with minute quantities of SO3 also being formed. It is important to note that on a national average SO2 emissions from motor vehicles are less than 1 % of total SO2 emissions from man made sources. Atmospheric SO2 is slowly oxidized to SO3. However, automotive oxidation catalysts apparently increase the amount of SO3 directly emitted from motor vehicles and may result in high localized sulfate levels.
Increased sulfate emissions from catalyst equipped vehicles were discovered about a year ago in an analysis by Ford on particulate samples collected by EPA under contract EHS-70-101 with Dow (1) . These The results of this work, with the exception of the ORD work which is covered in a separate paper, will be summarized in this paper. EPA recently submitted a paper to the Senate Committee on Public Works discussing this project (2) .
The purpose of this work was not only to obtain sulfate emission factors but also to determine what parameters affect sulfate emissions. Parameters that could possibly affect sulfate emissions from catalystequipped vehicles include catalyst type (base or noble metal), catalyst substrate (pellet or monolith), catalyst mileage, catalyst location, catalyst operating temperature, and air injection rate. For example, a fresh catalyst with higher activity may result in increased S02 oxidation compared to a catalyst with high mileage. Also, catalyst temperature may affect SO3 formation, since the SO2-S03 equilibrium shifts more towards SO2 at higher temperatures.
In addition, to these factors, it is possible to "store" SO, on a catalyst by reaction with the alumina-type substrate. This storage could occur in one driving condition, such as low-speed driving, with subsequent release in another condition such as high-speed driving. The high-speed driving results in higher catalyst temperature which would decompose the aluminum sulfates forming at lower temperatures. It is also possible to store and later release SO2 by similar reactions. This storage and release makes the previous driving history of a catalyst vehicle very important. For example, sulfate emissions obtained over a specified driving cycle from a vehicle previously operated at low speed may be somewhat higher than those on a Federal Test Procedure (FTP) preceded by high speed conditions. Also, it is possible that sulfate would be stored during an FTP to be released later under high speed driving conditions. The work done over the past two years has determined the magnitude of these factors to a preliminary extent.
The work reported has used two basic sampling methods for automotive sulfate emissions; the condensation method by use of a dilution tunnel and the absorption method with the use of an isopropyl alcohol SO3 scrubber. Most investigators are using the condensation method.
The condensation method uses a dilution tunnel to mix the exhaust in approximately 10:1 proportions with fresh air. A large blower displaces a constant amount of gas mixture including both the entire exhaust volume and whatever volume of dilution air is required at any instant to hold the total amount of gas constant. The exhaust gas and dilution air are mixed in the dilution tunnel, and a small isokinetic sample is withdrawn through a filter, trapping the particulates in the exhaust stream. This method can be used with either a transient driving cycle such as the FTP or a steady-state driving condition. The amount of sulfate collected on the filter is measured either by a wet chemistry technique or by x-ray fluorescence spectroscopy. In this method, SO2 must be measured independently.
The absorption method has been adapted from one recommended by EPA (S)for measuring SO3 and sulfate emissions from stationary sources. This method involves passing a small portion (about 0.5 ft3/min) of undiluted exhaust gas through either a Greenburg Smith impinger or the smaller type impinger used in the MBTH aldehyde method. The impinger contains an 80%o solution of isopropyl alcohol which absorbs both SO.
and sulfuric acid emissions. The isopropyl alcohol inhibits oxidation of the SO2 which passes through the impinger. A second impinger in series follows the first one and contains a hydrogen peroxide solution which oxidizes the SO2 to SO3 which is absorbed in the solution. This method can be used to measure both SO. and SO2 simultaneously.
Since undiluted exhaust gas is sampled, several sampling trains can be set up to simultaneously make measurements before and after the catalyst as well as at the tailpipe. Since this method takes a constant volume of exhaust regardless of the total exhaust flow (which varies greatly under different driving conditions), a sample proportional to the total exhaust can be taken only under steadystate conditions. This method cannot accurately determine sulfate emissions over a transient driving cycle such as the FTP.
Theoretically, it would be possible to sample over a transient driving cycle with this method using exhaust diluted by a constant volume sampling (CVS) type system. However, it is possible that the much lower level of H2SO4 in the diluted exhaust cannot be measured by this method. Still, work will be done to see if the absorption method can be adapted to measure H2SO4 levels in dilute exhaust.
General Motors, Ford, and ORD, and OMSAPC (through contract) have used the condensation method. Chrysler, OMSAPC, and, to some extent, GM have used the absorption method. Ford also has used the Goksoyr-Ross method for sulfate measurement which is described later in this paper.
General Motors Work on Sulfates
General Motors has run a number of emission tests on catalyst and noncatalyst cars using the dilution tunnel with both Gelman type A glass fiber filters and nuclepore filters to catch the sulfate emissions. The sulfate was extracted from the filters after the test, reduced to H2S, and measured colorimetrically by the methylene blue method. Table 3 . These tests show an average of 0.034 gpm of sulfate emission, which is considerably higher than those from the pelleted catalysts in Table 2 . Perhaps the monolithic catalyst is not subject to the sulfate storage or inherently has higher activity for SO2 oxidation.
GM did not obtain SO2 measurements on many of these tests with catalyst cars, which would have provided a material balance. If the sum of the SO2 and sulfate emissions were less than the sulfur burned by the engine, this would indicate a sulfate storage phenomenon. In recent work, GM has obtained SO2 measurements on catalyst cars and concludes that a storage problem may exist.
Recent GM data, informally reported to EPA (5) and given in Table 4 agree somewhat with those reported in Tables 1 and 2 . However, GM finds that air injection on pelleted catalyst cars increases sulfate emissions by a factor of five. It is important to note that close control of air injection could be an effective way to control sulfates.
GM ran a limited number of tests by using the absorption method and the condensation method (2) . The results of these tests are given in Table 5 . Ford has only preliminary results to date on an engine dynamometer for sulfate emissions and has no SO2 data to determine a material balance. The results to date (7) are given in Table 6 for fuel containing 0.031%o sulfur.
The Ford work investigated where the sul- Chrysler also did an experiment in which SO2 was introduced into the sample probe which was at full operating temperature with the engine running on isooctane fuel. No S03 was found. Chrysler then introduced SO2 into the impinger itself with the engine running on isooctane fuel and found no SO3. Chrysler did a third experiment in which particles from the exhaust systems, presumably iron type compounds were added, and the impinger solutions was titrated without any exhaust being passed through the system. The titration showed no S03 to be present, demonstrating that exhaust particles by themselves do not give a positive SO3 reading. Chrysler then ran a sample of engine exhaust from a sulfur containing fuel through the impinger system with exhaust system particles in the impinger. The amount of S03 was 60%o less than that found without the exhaust system particles in the impinger. This indicates that exhaust system particles somehow react with the S03, possibly by absorption (8) .
Chrysler has run several single cylinder engine tests with a catalyst in the system and, in all cases, found increased S03 formation over the catalyst. These tests involved measuring sulfate emissions from CVS bags identical to those used for HC, CO, and NOZ emissions. This involves dilution of the exhaust by a CVS type system which is the first time the absorption method has been used for dilute exhaust. using unleaded fuel. Less than 10% conversion to sulfate occurs when leaded fuel is used. Leaded fuel results in the formation of some lead sulfate which may not be measured by the absorption method due to its low solubility. The lead sulfates may also be stored temporarily in the exhaust muffler. However, it is significant that leaded fuel shows lower sulfate formation that unleaded fuel. The percentage of fuel sulfur converted to sulfate was usually determined by the amount of S03 and SO2 found in the exhaust rather than comparing the amount of S03 with that found in the fuel. Frequently, the total amount of sulfur recovered was greater than the amount theoretically burned in the engine. This is the reason why S03 emissions can be substantially higher in one case (e.g., car 185 with air pump on versus air pump off) with no change in per cent sulfates and SO2. A large part of this problem is probably due to the sampling method used. It is also conceivable that sulfates (e.g., iron sulfates) could be stored in the muffler in one driving condition and emitted in another. At any rate, much more work is needed on the sulfur balance to make firm conclusions.
Chrysler has also measured sulfate emissions from a number of vehicles with pelleted and monolithic oxidation catalysts. The results of these tests are given in Table 8 (11). These results show that a catalyst causes increased SO2 oxidation but that a significant amount of SO3 exists before the catalyst. The Chrysler tests are the only tests other than the OMSAPC tests of EPA which show a significant amount of sulfate from noncatalyst vehicles. More work is clearly needed to determine whether this is an actual phenomenon or whether this is caused by errors in the measurement method.
Esso Research and Engineering Work
Esso Research and Engineering has done extensive work on measuring sulfate emissions from catalyst vehicles. Esso has done considerable work developing sampling procedures for sulfates. Their dilution tube has provisions to dehumidity and chill incoming air which prevent water condensation which is not done with other dilution tubes. Esso measured sulfate emissions by the condensation method using this dilution tube for 40 While multiple tests were used to obtain average emission values, the reasons for the poor reproducibility should be understood so this problem can be corrected. The analytical method does not recover all of the sulfur compounds since the material balance is less than 100%o. The material balance is poorer for the catalyst vehicles than for the noncatalyst vehicles but is variable for all vehicles. Clearly, much mote work is needed to validate this method for mobile sources as it has been validated for stationary sources. Also, work is needed to compate emission results from this methdd to those obtained by the condensation method. Nevertheless, these test results do give preliminary emission estimates and trends. The emission results for the individual tests are given in an internal EPA report (14, 15) . This paper reports the average values.
The Ford vehicle was tested with high and low sulfur fuel containing 0.085% and 0.017% sulfur, respectively (12) . The test results were interpolated to give an emission estimate for a 0.03% sulfur fuel, assuming a linear relationship between fuel sulfur level and sulfate emissions. It should be remembered that other problems with the measurement method probably resulted in greater errors than introduced by assuming this linear relationship. Table 10 gives the results of the Ford tests for the vehicle in the following three configurations: no catalyst; fresh catalyst; 50,000 mile catalyst.
The conversion to sulfate was based on the ratio of sulfate and SO2 found in the test. The sulfur recovered was based on comparing the SO2 and sulfate found with the sulfur consumed by the engine.
The tests on the Ford vehicle showed the following. There is significant formation of sulfates (over 10% of the fuel sulfur is converted to sulfates) without a catalyst. A catalyst significantly increases sulfate formation (about 20-80% of the fuel sulfur is converted to sulfates). The amount of sulfate formed is about twice as great with a fresh catalyst as with an aged catalyst (50,000 miles). Sulfate emission values are a maximum at 10 mph and a minimum at 60 mph steady-state speeds. This could possibly be due to the lower catalyst temperature (750°F) at 10 mph versus 60 mph (1050°F). The equilibrium conversion to sulfate decreases at higher temperatures. The tests on the GM vehicles were more extensive than the Ford tests. Sulfate emissions were usually sampled at the three locations: behind the exhaust manifold before any catalyst present, immediately behind the catalyst in the exhaust system (or behind the reduction catalyst in a dual catalyst system), and at the tailpipe.
Tests Table 15 .
These numbers indicate the EPA estimate of 0.05 gpm published in the previous position paper (2) may be somewhat high.
The sulfate emissions from 1975 type systems designed to meet the interim standards This future EPA-OMSAPC work will be done both in-house and by contract.
